CD4 þ and CD8 þ memory T cells are identified into central and effector memory subsets, which are characterized by distinct homing patterns and functions. In this investigation, we show that naïve and central memory CD4 þ and CD8 þ T cells are sensitive to hydrogen peroxide (H 2 O 2 )-induced apoptosis, whereas effector memory CD4 þ and CD8 þ T cells are relatively resistant to H 2 O 2 -induced apoptosis. Apoptosis in naïve and central memory CD4 þ and CD8 þ is associated with the release of cytochrome c and activation of caspase-9 and caspase-3, upregulation of Bax and voltage-dependent anion channel (VDAC) expression, and decreased intracellular glutathione (GSH). In vitro GSH and a superoxide dismutase mimetic Mn(III) tetrakis (1-methyl-4-pyridyl) porphyrin inhibited H 2 O 2 -induced apoptosis in both naïve and central memory CD4 þ and CD8 þ T cells. Furthermore, VDAC inhibitor 4,4 0 -diisothiocynostilbene-2,2 0 -disulfonic acid blocked H 2 O 2 -induced apoptosis. These data demonstrate that H 2 O 2 induces apoptosis preferentially in human naïve and central memory CD4 þ and CD8 þ T cells via the mitochondrial pathway by regulating intracellular GSH and the expression of Bax and VDAC.
Introduction
Upon antigenic stimulation, naïve T cells (T N ) undergo a series of proliferative and differentiation steps resulting in an acquisition and maintenance of long-term memory. [1] [2] [3] [4] The memory T cells display differential expression of adhesion molecules (CD62L) and chemokine receptors (CCR-7), which allow them to home into lymph nodes (central memory, T CM ) and non-lymphoid tissues (effector memory), respectively. 5, 6 The effector memory T cells have been further defined into two subtypes, namely those that are CD45RAÀ (T EM ) and those that are CD45RA þ (T EMRA ). 2, 7, 8 T EMRA subset is well defined in CD8 þ T cells; the existence of CD4 þ T EMRA has been questioned. However, we have observed 1-2% CD4 þ T EMRA cells in young healthy subjects, which are increased in aging. 9, 10 T N , T CM , T EM and T EMRA subpopulations of CD4 þ and CD8 þ T cells are identified by multiple sets of cell surface molecules. [7] [8] [9] Apoptosis is a physiological form of cell death, which in the immune system plays an important role in cellular homeostasis, selection of T-cell repertoire, deletion of self-reactive lymphocytes, deletion of effector cells at the end of an immune response, and in mediating cytotoxicity of T cells and natural killer cells. 11, 12 Apoptosis is mediated predominantly via two major pathways, extrinsic death receptor pathway and intrinsic mitochondrial pathway. [11] [12] [13] [14] Oxidative stress appears to induce apoptosis via the mitochondrial pathway. [15] [16] [17] [18] It has been reported that reactive oxygen species (ROS) plays an important role in oxidative stress-induced apoptosis. [17] [18] [19] Previously, we have reported differential sensitivity among various memory subsets of CD8 þ T cells to TNF-a-induced apoptosis. 20, 21 In this study we have investigated relative sensitivity/resistance of naïve and different subsets of memory CD4 þ and CD8 þ T cells to hydrogen peroxide (H 2 O 2 )-induced apoptosis. Our data show that T N and T CM cells are sensitive to H 2 O 2 -induced apoptosis, whereas T EM and T EMRA CD4 þ and CD8 þ T cells are relatively resistant to H 2 O 2 -induced apoptosis and intracellular glutathione (GSH). Voltage-dependent anion channel (VDAC) appears to play an important role in differential sensitivity of subsets of CD4 þ and CD8 þ T cells to H 2 O 2 -induced apoptosis.
Results
H 2 O 2 induces apoptosis in both CD4 þ and CD8 þ T cells Peripheral blood mononuclear cells (MNCs) were incubated with various concentrations of H 2 O 2 for 20 h (optimal duration derived from time kinetic unpublished data), washed and stained with anti-CD4 or anti-CD8 monoclonal antibodies, and apoptosis was measured by TdT-mediated dUTP nick-end labeling (TUNEL) assay by multicolor flow cytometry using FACScalibur. H 2 O 2 , in a concentration-dependent manner, induced apoptosis in both CD4 þ and CD8 þ T cells (Figure 1 ). Data are derived from five subjects.
Naïve, central memory and effector memory CD4 þ and CD8 þ T cells display differential sensitivity to H 2 O 2 induced apoptosis Since CD4 þ and CD8 þ T cells are further classified into T N , T CM , T EM and T EMRA subpopulations, [5] [6] [7] [8] [9] we examined H 2 O 2 -induced apoptosis in these four subsets. MNCs were incubated in the absence or presence of 25 and 50 mM H 2 O 2 for 20 h and examined for apoptosis by TUNEL assay in T N , T CM , T EM and T EMRA CD4 þ and CD8 þ T cells, using four-color flow cytometry. Figure 2 shows that both T N and T CM subsets of CD4 þ and CD8 þ T cells were sensitive to H 2 O 2 -induced apoptosis, whereas, T EM and T EMRA subsets of CD4 þ and CD8 þ T cells were relatively resistant to H 2 O 2 -induced apoptosis. Furthermore, T CM CD4 þ and T CM CD8 þ T cells display greater sensitivity (Po0.01) to H 2 O 2 -induced apoptosis as compared to T N CD4 þ and T N CD8 þ T cells. In addition, T N and T CM CD8 þ T cells were significantly more sensitive (Po0.05) to H 2 O 2 -induced apoptosis as compared to T N and T CM CD4 þ T cells. Data are derived from five different subjects.
H 2 O 2 activates caspase-9 and caspase-3 in T N and T CM CD4 þ and CD8 þ T cells Since H 2 O 2 -induced apoptosis occurs predominantly by mitochondrial pathway, which is associated with an activation of caspase-9 and caspase-3, we examined H 2 O 2 -induced activation of caspase-9 and caspase-3 in four subsets of CD4 þ and CD8 þ T cells. MNCs were incubated with 25 mM H 2 O 2 for 20 h at 371C and examined for the activation of caspase-9 and caspase-3 with cleavage substrates, using four-color flow cytometry. H 2 O 2 induced activation of caspase-9 and caspase-3 in T N and T CM CD4 þ (Figure 3a ) and CD8 þ (Figure 3b ) T cells, whereas no or minimal activation of caspases was observed in T EM and T EMRA CD4 þ (Figure 3a ) and CD8 þ T cells (Figure 3b ). H 2 O 2 induces release of cytochrome c from the mitochondria in T N and T CM CD4 þ and CD8 þ T cells Mitochondrial pathway of apoptosis is associated with the release of cytochrome c, which binds to apoptosisactivating factor 1 (Apaf-1) and recruits caspase-9 to form an apoptosome, which in turn serves as a platform to initiate activation of effector caspases to induce apoptosis.
13,14 Therefore, we examined the effect of H 2 O 2 on the release of cytochrome c from mitochondria into cytosol in naïve and subsets of memory CD4 þ and CD8 þ T cells. Naïve and different memory subsets of CD4 þ and CD8 þ T cells were purified from MNCs by magnetic bead column separation and incubated in the presence or absence of 25 mM H 2 O 2 for 16 h. cytochrome c release from the mitochondria was examined by confocal microscopy. Figures 4a and b show sub-cellular localization of cytochrome c (green fluorescence) in relation to mitochondria (red fluorescence). Colocalization of green and red fluorescence (bright yellow) indicates mitochondrial localization. In contrast, distinct green staining illustrates the released protein from mitochondria to the cytosol. Figure 4a shows that H 2 O 2 treatment resulted in cytochrome c release from 20, 60 and 5% T N , T CM and TEM CD4 þ T cells respectively (only B1% of CD4 þ T cells are T EMRA , therefore sufficient number of T EMRA CD4 þ T (Figure 4b ). It appears that both in CD4 þ and CD8 þ T cells (CD84CD4), T CM cell population followed by T N cells are more prone to release cytochrome c from mitochondria to the cytosol in response to H 2 O 2 . In contrast, T EM and T EMRA populations are relatively resistant to H 2 O 2 -induced cytochrome c release in both CD4 þ and CD8 þ T cells. These data are consistent with the data of apoptosis and caspase activation. H 2 O 2 alters the expression and function of VDAC and the expression of Bcl-2 family proteins VDAC, or mitochondrial porin, appears to function as a death-signal convergence point in mitochondrial pathway of apoptosis by participating in the release of cytochrome c. 22, 23 Bcl-2 family proteins regulate the release of cytochrome c by the mitochondrial channel VDAC. [24] [25] [26] Since both T N and T CM subsets (CD28 þ ) are sensitive to H 2 O 2 -induced release of cytochrome c and apoptosis, and both TEM and TEMRA subsets (CD28À) are relatively resistant to H 2 O 2 -induced release of cytochrome c and apoptosis, we purified CD28 þ CD4 þ and CD28 þ CD8 þ T cells, and CD28ÀCD4 þ and CD28ÀCD8 þ T cells (in order to obtain sufficient number of cells in each subsets for Western blotting). Purified subsets were incubated with 25 mM H 2 O 2 for 20 h and examined for the expression of VDAC, Bcl-2, Bcl-x L , Bim and Bax by Western blotting with monoclonal antiBcl-2, Bax, Bcl-x L , Bim and VDAC antibodies. Quantitative analysis was performed by densitometry. H 2 O 2 -upregulated expression of VDAC and Bax preferentially in apoptosis-sensitive CD28 þ CD4 þ (Figure 5a ) and Oxidative stress-induced apoptosis (Figure 5b ) as compared to apoptosis-resistant CD28ÀCD4 þ ( Figure 5a ) and CD28ÀCD8 þ (Figure 5b ) T cells. In contrast, Bcl-x L expression was preferentially upregulated in apoptosisresistant CD28ÀCD4 þ ( Figure 5a ) and CD28ÀCD8 þ T cells ( Figure 5b ). H 2 O 2 induced upregulation of Bcl-2 in both subsets; however, no significant difference (P40.2) was observed in upregulation of Bcl-2 or Bim between CD28 þ and CD28À subsets of CD4 þ and CD8 þ T cells.
To further investigate a role of VDAC in H 2 O 2 -induced apoptosis in T N and T CM CD4 þ and CD8 þ T cells, we examined the effect of VDAC inhibitor 4,4 0 -diisothiocynostilbene-2,2 0 -disulfonic acid (DIDS) on H 2 O 2 -induced apoptosis. MNCs were activated with 25 mM H 2 O 2 in the presence or absence of various concentrations of DIDS for 20 h, and apoptosis in four subsets of CD4 þ and CD8 þ T cells was measured by multicolor flow cytometry. DIDS, in a concentration-dependent manner, inhibited H 2 O 2 -induced apoptosis predominantly in T N and T CM subsets (Figure 6 ), further supporting a role of VDAC in H 2 O 2 -induced apoptosis.
H 2 O 2 reduces intracellular GSH levels
Oxidative stress is associated with decreased levels of intracellular antioxidant glutathione, GSH.
27,28 Therefore, we examined the effect of H 2 O 2 on intracellular GSH levels. MNCs were incubated with various concentrations of H 2 O 2 for 20 h at 371C and intracellular GSH levels were measured by colorimetric assay or four-color flow cytometry, using FACSCalibur. Exogenous GSH protects CD4 þ and CD8 þ T-cell subsets from H 2 O 2 -induced apoptosis Since reduced GSH is associated with increased sensitivity to apoptosis 29, 30 and supplementation with GSH 31 or N-acetylcystein 32 is associated with protection from stress-induced apoptosis, we investigated the effect of reconstitution of intracellular GSH on H 2 O 2 -induced apoptosis. MNCs were pre-incubated in the presence or absence of 5 mM and 10 mM of GSH for 30 min and then stimulated with 25 mM 33 Metallo/mesoporphyrins are unique class of stable cell-permeable SOD mimetics that possess a broad range of antioxidant activities including the dismutation of superoxide, 34 which protects cells from ionizing radiation-induced apoptosis, 35 and substitute for MnSOD in MnSOD knockout mice. 36 Therefore, we examined the effect of Manganese(III) tetrakis (1-methyl-4-pyridyl) porphyrin (MnTMPyP) on H 2 O 2 -induced apoptosis in naïve and various subsets of memory CD4 þ and CD8 þ T cells. Mononuclear cells were cultured with 25 mM H 2 O 2 for 20 h in the presence or absence of 5 and 10 mM MnTMPyP and apoptosis was measured by TUNEL assay using multicolor flow cytometry. MnTMPyP, in a concentration-dependent manner, inhibited H 2 O 2 -induced apoptosis in subsets of CD4 þ and CD8 þ T-cell subsets ( Figure 9 ).
Discussion
Mitochondria are major generators of reactive species (ROS) which predominantly include superoxide anion, hydrogen peroxide and the hydroxyl radicals; H 2 O 2 most stable and abundant. 37, 38 The major source of ROS in most cell types is probably the leakage of electron from mitochondrial electron transport chain that reduces molecular oxygen to superoxide ion. Elevated intracellular ROS are sufficient to trigger apoptosis and it has been suggested that ROS are biochemical mediators of apoptosis. [15] [16] [17] [18] [19] Previously we have reported that T N and T CM T cells are sensitive to TNF-a-induced apoptosis, whereas T EM and T EMRA cells are resistant to TNF-a-induced apoptosis. 10, 20 The relative sensitivity of naïve and various memory subsets of CD4 þ and CD8 þ T cells to oxidative Oxidative stress-induced apoptosis S Gupta et al stress have not been investigated in detail. In this study, we have shown that H 2 O 2 induces apoptosis predominantly in T N and T CM CD4 þ and CD8 þ T cells, whereas T EM and T EMRA CD4 þ and CD8 þ T cells are relatively resistant to H 2 O 2 -induced apoptosis. Furthermore, T CM CD4 þ and CD8 þ T cells were more sensitive to apoptosis and displayed greater caspase activation than in T N CD4 þ and CD8 þ T cells. This would be consistent with the role of apoptosis in cellular homeostasis. Since T CM T cells undergo rapid cell division, they are more prone to DNA damage and must undergo cell death to maintain cellular homeostasis as compared to T N cells 39, 40 In contrast, both T EM and T EMRA CD8 þ T cells (CD28ÀCD8 þ T cells) display properties of replicative senescence, that is decreased replicative capacity and shorter telomere length as compared to their counterparts CD28 þ CD8 þ (T N and T CM ), which may explain relative resistance of T EM and T EMRA CD4 þ and CD8 þ T cells to H 2 O 2 -induced apoptosis. In the present study, we have observed an increased expression of Bcl-x L at the basal levels and H 2 O 2 -induced upregulation of Bcl-x L predominantly in CD28À (T EM plus T EMRA ) CD4 þ and CD8 þ T cells. Grayson et al. 41 reported that primary memory CD8 þ T cells in mice were sensitive, whereas secondary memory CD8 þ T cells were resistant to irradiation-induced apoptosis. Takahashi et al. 42 demonstrated that naïve and central memory T-cell subsets were not sensitive to apoptosis, whereas effector memory CD8 þ T cells were sensitive to H 2 O 2 -induced apoptosis. The reasons for discrepancy with our data are unclear. In Takahashi's experiments, naïve cells were defined as CD45RA þ CD8 þ T cells, which contain both T N (apoptosis-sensitive) and T EMRA (apoptosis-resistant) CD8 þ T cells, and therefore, may have nullified the sensitivity of T N cells to H 2 O 2 -induced apoptosis. Similar to our data, these investigators also observed sensitivity of T CM CD4 þ T cells to H 2 O 2 -induced apoptosis. However, these investigators did not identify effector memory CD8 þ T cells into T EM and T EMRA. Furthermore, we were unable to reproduce their data of sensitivity of effector memory CD8 þ T cells to apoptosis. In addition, we have performed studies with isolated four subsets of CD4 þ and CD8 þ T cells and have obtained data similar to our MNCs data, that is T N and T CM CD4 þ and CD8 þ are sensitive, whereas T EM and T EMRA CD4 þ and CD8 þ T cells are resistant to H 2 O 2 -induced apoptosis (data not shown).
The release of cytochrome c is a major element of mitochondrial pathway of apoptosis. 13, 14 Following its release from the mitochondria into cytoplasm, cyto- Oxidative stress-induced apoptosis S Gupta et al chrome c binds to Apaf-1 in the presence of ATP or dATP and recruits procaspase-9 via caspases' activation recruitment domain to form an apoptosome. This results in activation of caspase-9 by homodimerization and subsequently cleavage and activation of caspase-3 to induce apoptosis. ROS plays an important role in cell death induced by many different stimuli. H 2 O 2 triggers cell death by inducing release of cytochrome c and cleavage and activation of caspase-3. 37 In the present study, we show that H 2 O 2 induces the release of cytochrome c from the mitochondria and activates caspase-9 and caspase-3, which was observed predominantly in apoptosis-sensitive T N and T CM CD4 þ and CD8 þ T cells. In contrast, only minimal release of cytochrome c, and activation of caspase-9 and caspase-3 have been observed in apoptosis-resistant T EM and T EMRA CD4 þ and CD8 þ T cells. There are no previous published data on the release of cytochrome c in these subsets of CD4 þ and CD8 þ T cells.
Several mechanisms have been proposed for the release of apoptogenic factors, including cytochrome c from the mitochondria. One of the most commonly accepted mechanisms is that the opening of permeability transition pore (PTP), a large channel that spans both the outer mitochondrial membrane (OMM) and inner mitochondrial membrane (IMM), which is formed by a direct association between VDAC in the OMM, adenine nucleotide translocator (ANT) in the IMM and cyclophilin D in the matrix. 43 ANT plays a role in ADP/ATP exchange between the mitochondrial matrix and the intermembranous space, whereas VDAC plays a major role in the release of apoptogenic factors, including cytochrome c. 22, 23, 44, 45 Our present study shows that H 2 O 2 induces greater upregulation of VDAC in CD4 þ CD28 þ and CD8 þ CD28 þ T cells (containing apoptosis-sensitive T N and T CM cells) as compared to CD4 þ CD28À and CD8 þ CD28À (containing relative resistant T EM and T EMRA cells). Furthermore, we show that apoptosis in T N and T CM T cells is blocked by VDAC inhibitor DIDS, thereby, supporting a role of VDAC in increased sensitivity of T N and T CM CD4 þ and CD8 þ T cells to H 2 O 2 -induced apoptosis.
Bcl-2 family proteins regulate the release of cytochrome c by VDAC. [24] [25] [26] It has been demonstrated that VDAC together with Bax form a novel large pore and cytochrome c passes through this single VDAC-Bax channel, whereas Bcl-x L completely closes the VDAC and inhibits the release of cytochrome c. In our study, H 2 O 2 -upregulated the expression of VDAC and Bax, preferentially in apoptosis-sensitive CD28 þ CD4 þ and CD28 þ CD8 þ T cells. In contrast, Bcl-x L expression was preferentially upregulated in apoptosis-resistant CD28ÀCD4 þ and CD28ÀCD8 þ T cells (T TEM plus T EMRA ). These data support a possible role of Bax in the sensitivity of T N and T CM and a role of Bcl-x L in the relative resistance of T EM and T EMRA subsets of CD4 þ and CD8 þ T cells to H 2 O 2 -induced apoptosis. H 2 O 2 induced upregulation of antiapoptotic Bcl-2 in both apoptosis-sensitive (CD28 þ ) and apoptosis-resistant (CD28À) CD4 þ and CD8 þ T cells to a similar extent, suggesting that Bcl-2 may not play an important role in H 2 O 2 -induced apoptosis in CD28 þ T N and T CM CD4 þ and CD8 þ T cells. Armstrong and Jones 30 have also demonstrated that GSH depletion can induce cytochrome c, caspase-3 activation, and apoptosis in Bcl-2-overexpressing cells.
Cells contain several antioxidant systems to limit the damage caused by increased ROS. 27, 33, 46 GSH is one of the antioxidants that protect cells from oxidative stressinduced apoptosis. 27, 31 GSH depletion is associated with increased proportion of cells undergoing apoptosis [28] [29] [30] and GSH monoethyl ester and N-acetyl cystein prevent oxidative stress-induced apoptosis. 28, 31, 32 In this study, we have observed that H 2 O 2 , in a concentration- Oxidative stress-induced apoptosis S Gupta et al dependent manner, reduces intracellular levels of GSH in mononuclear cells, and H 2 O 2 induces greater reduction in GSH levels in naïve and T CM CD4 þ and CD8 þ T cells as compared to that in T EM and T EMRA CD4 þ and CD8 þ T cells. Furthermore, in vitro addition of exogenous GSH protects T-cell subsets from H 2 O 2 -induced apoptosis, suggesting that H 2 O 2 induces apoptosis by depleting intracellular GSH. MnSOD also protects cells from death induced by ROS. 27, [33] [34] [35] In MnSOD knockout mice, SOD mimetic MnTMPyP substitutes for MnSOD and inhibit apoptosis. 36 We have shown that SOD mimetic MnPTMyP inhibited H 2 O 2 -induced apoptosis, further supporting a role of oxidative stress in apoptosis of T N and T CM CD4 þ and CD8 þ T cells.
In vivo biological significance of differential sensitivity of naïve and various subsets of memory T cells to H 2 O 2 -induced apoptosis is best exemplified by aging. One of the most accepted theories of aging is the free radical theory. 37, 47 According to this theory, oxygen-derived free radicals (which are increased in aging, including H 2 O 2 ) cause damage to cells, which leads to age-associated impairment of cellular functions. Immune senescence in humans is associated with significant decrease in the number of T N and T CM cells and accumulation of T EM and T EMRA cells. 48, 49 Therefore, an increased H 2 O 2 may play a role in deficiency of T N and T CM cells in aging.
Materials and methods

Subjects
Peripheral blood was obtained from healthy young volunteers (20-35 years) . The protocol and informed consent were approved by the Institutional Review Board (Human).
Isolation of naïve and memory T-cell subsets T N , T CM , T EM , T EMRA , CD4 þ and CD8 þ T cells were isolated by a previously described technique. 20 In brief, CD4 þ and CD8 þ T cells were isolated by negative selection with EasySep CD4 þ or CD8 þ enrichment cocktail and magnetic nanoparticles.
were purified to more than 95% by a multistep procedure.
Isolation of CD28 þ and CD28À T-cell subsets Purified CD4 þ and C8 þ T cells were separated into CD28 þ and CD28À T cells using phycoerythrin (PE) selection kit (494% purity). Briefly CD4 þ and CD8 þ T cells were labeled with PE-conjugated anti-CD28 antibody. The labeled cells were incubated with bispecific tetrameric antibody complexes that recognize PE-labeled cells and dextran. After a 15 min incubation at room temperature, dextran-coated magnetic nanoparticles were added and magnetically labeled cells (CD28 þ ) were separated from unlabeled cells (CD28À) using a magnet.
Measurement of apoptosis
Apoptosis was measured by TUNEL assay. Peripheral bloodMNCs (1 Â 10 6 /ml) were incubated for 20 h with or without various concentrations of H 2 O 2 and stained PerCp-conjugated anti-CD4 or CD8, APC-conjugated anti-CD45RA (BD BioSciences, San Jose, CA, USA) and PE-conjugated anti-CCR7 (R&D Systems, Minneapolis, MN, USA). Cells were fixed in 2% paraformaldehyde for 30 min at room temperature, permeabilized with sodium citrate buffer containing Triton X-100 for 2 min on ice, washed, and then incubated with fluorescein isothiocyanate (FITC)-2 0 -deoxyuridine 5 0 -triphosphate (dUTP) in the presence of terminal deoxynucleotidyl transferase (TdT) enzyme solution for 1 h at 371C. Following incubation, cells were washed two times with PBS and analyzed with FACSCalibur. FL3 channels were used to gate CD4 þ /or CD8 þ T cells. During analysis, an electronic gate was placed on CD4 þ and CD8 þ T cells and the expression of CD45RA versus CCR7 allowed us to obtain the percentages of cells identifying naïve (CD45RA þ CCR7 þ ), T CM (CD45RAÀCCR7 þ ), T EM (CD45RAÀCCR7À) and T EMRA (CD45RA þ CCR7À) subsets of CD4 þ and CD8 þ T cells. An electronic gate was placed on these four subsets and TUNEL-positive cells were analyzed using green fluorescence (FL1) on x axis against cell numbers on y axis. Ten thousand cells were acquired, and data were analyzed using Cell Quest software.
Caspase activation
The activation of caspases in four distinct subsets of T-cell subsets was analyzed by FACSCalibur using carboxyfluorescein-labeled cell-permeable peptide substrates that recognize cleaved caspase-9 (FAM-LETD-FMK) and cleaved caspase-3 (FAM-DEVD-FMK) according to the protocol provided by the manufacturer. Briefly, 10 ml of appropriately diluted caspase-9 or caspase-3 substrate was added to MNCs that had been incubated with or without 25 mM H 2 O 2 for 20 h at 371C. Cells were then stained with PerCp-conjugated anti-CD4 or anti-CD8, APC-conjugated anti-CD45RA and PE-conjugated anti-CCR-7 monoclonal antibodies. Isotype controls were used. Cells were washed with wash buffer and were analyzed by FACSCalibur.
Measurement of intracellular GSH Colorimetric assay. Cellular levels GSH were also measured using a colorimetric assay kit (Cayman chemicals Co, Ann Arbor, MI, USA) according to manufacturer's instructions. Briefly, MNCs treated with or without various concentrations of H 2 O 2 were homogenized. The cell homogenates were centrifuged at 3000 g at 41C and the assay was performed on the supernatants. To measure total GSH content, 50 ml cell supernatants were mixed with 150 ml assay cocktail mix, consisting of 5,5 0 -dithiobis-(2-nitrobenzoic acid), 2-(N-morholino) ethane sulfonic acid, phosphate, ethylenediamine tetraacetic acid, nicotinamide adenine dinucleotide phosphate, glucose 6-phosphate, GSH reductase, glucose-6-phosphate dehydrogenase, in a 96-well tissue culture plate. After 25 min of incubation at room temperature, the plates were read at 405 nm (UV max kinetic microplate reader, Molecular Devices, Palo Alto, CA, USA). The total GSH concentration in samples was calculated using oxidized glutathione (GSSG) standard curve.
Flow cytometric assay. The intracellular GSH concentration was measured with 5-CMFDA (5-chloromethylfluorescein diacetate, Molecular probes, Eugene, OR, USA) by flow cytometry according to Chikahisa et al. 50 Briefly, MNCs were stained with 5-CMFDA at a final concentration of 1 mM in phosphate-buffered saline for 20 min at room temperature. After washing, the cells were stained with anti-CD4/or CD8 PerCp, anti-C45RA-APC and anti-CCR7-PE, washed with PBS and were fixed in 1% paraformaldehyde and analyzed within 2 h by flow cytometry. 5-CMFDA fluorescence emission was detected at 520 nm (FACSCalibur, Becton Dickinson, San Jose, CA, USA).
Western blotting
Cell extracts were prepared by lysing the cell pellet in 50 ml cold lysis buffer (Cell Signaling Tech., Denvers, MA, USA) with protease and phosphatase inhibitors. Aliquots containing 25 mg of total protein were resolved by 10% SDS-polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes by electroblotting. The membranes were blocked with 5% nonfat dried milk, and sequentially probed by overnight incubation at 41C with anti-Bcl-2, anti-Bcl-x L , anti-Bax, anti-Bim and anti-VDAC primary antibodies (Transduction Laboratory, San Diego, CA, USA). The blots were washed, incubated with horseradish peroxidase-conjugated antimouse secondary antibody (Cell Signaling Technology, Beverly, MA, USA), and developed with ECL Plus detection system (Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA). To normalize protein loading and transfer efficiency, the blots were probed with anti-actin antibody. The blots were quantified by densitometry and data were expressed as a ratio of experimental molecule blots versus actin blots.
Analysis of cytochrome c release
The release of cytochrome c from the mitochondria was analyzed by confocal microscopy by a previously described technique. 31 In brief, purified T N , T CM , T EM and T EMRA subpopulations of CD4 þ and CD8 þ T cells were incubated with 25 mM H 2 O 2 for 16 h, washed three times with PBS, and then loaded with 150 nM Mitotracker Orange (Molecular Probes) for 15 min at 371C. After fixation with 4% (w/v) freshly prepared paraformaldehyde in PBS, cells were permeabilized with 0.25% (w/v) saponin in PBS for 5 min and washed three times in blocking buffer (0.05% saponin, 3% bovine serum albumin in PBS (pH 7.4)). Cells were incubated overnight with a 1:100 dilution of the primary mouse anti-human cytochrome c antibody (Pharmingen, San Diego, CA, USA), washed, and then incubated with FITC-labeled goat anti-mouse immunoglobulin G (IgG) antibody (Antibody Inc., Davis, CA, USA) for 1 h at room temperature. Cells were washed three times with blocking buffer and cytospun onto slides. Coverslips were mounted with an anti-fade reagent (Bio-Rad, Hercules, CA, USA), slides were imaged using a laserbased confocal microscope, and the percentages of the cells that released cytochrome c were determined. Statistical analysis was performed by paired Student's 't' test.
